Due to their stable catalytic properties graphene-encapsulated metal nanoparticles (NPs) have come into the focus of heterogeneous catalysis. Research on graphene's atomic structure is a prerequisite for understanding and controlling catalytic processes, however, it is still at its very beginning considering metal NPs. This atomic-scale scanning tunnelling microscopy study documents preliminary growth stages and the structural properties of graphene on HOPG (highly oriented pyrolytic graphite) supported palladium NPs. It is shown that an annealing of the NPs at ∼ 650°C in a few tens of Langmuir of ethylene (ethene) leads first to a carbon precursor structure covering the NP's (111) facets. At higher ethylene exposures, the precursor structure turns into single-layer graphene encapsulating the NPs. Graphene encapsulated palladium NPs with a size larger than ∼ 30 nm exhibit mostly one single and almost defect-free graphene sheet on a facet. Such a perfect growth does not take place on the facets of smaller NPs where several graphene nanosheets and defects are generally observed.
Introduction
Carbon either adsorbed on or absorbed inside metal nanoparticles (NPs) plays a major role in heterogeneous catalysis, in particular with respect to catalyst de-activation 1 , hydrogenation reactions 2,3 , the Fischer-Tropsch synthesis 4 and the synthesis of carbon nanotubes 5 . Since a few years, carbon can be synthesized in the form of graphene directly on metal NPs by annealing a precursor material 6, 7, 8, 9 , pulsed Laser deposition 10 or chemical vapor deposition (CVD) 11, 12 . Such core-shell graphene encapsulated NPs (G@NPs) have very interesting properties for applications in electrocatalysis, in particular with respect to cheap and reactive NP material: thanks to the protecting graphene shell a long-term activity and high stability against degradation in several environments is achieved 8, 9, 12, 13 . Even more, the graphene-NP ensemble optimizes the electronic structure of graphene and thereby triggers the catalytic activity on the inert graphene surface 12 . Since recently, G@NPs are also believed to form a new class of catalysts that lead to catalysis under cover 14, 15 : the graphene wall and NP facets form a nanocontainer, in which reactions take place as demonstrated recently with G@PtNPs 7, 16 .
Important in all such G@NP related studies is the characterization of the NP's morphology (e.g., the thickness of graphene), which is mostly accomplished by transmission electron microscopy 6, 7, 8, 9, 10, 11, 12 . However, equally important is an atomic-scale characterization of the graphene structure with an access to defects and the edges, which both play a large role in electrocatalysis and in particular in catalysis under cover 14, 15 : for instance, in the latter field basic reactant or product molecules like oxygen, hydrogen, CO and water can enter or leave the nanocontainer by passing through the defects and edges of graphene 7 .
Metal supported graphene can be unambiguously identified by scanning tunnelling microscopy (STM), which permits analyzing the atomic structure and defects in great detail as exemplified on single-crystal metal surfaces 17, 18, 19 . However, despite the large demand to study G@NPs in catalysis 14, 15 there is only one STM work so far that deals with G@NiNPs 20 .
In the work here, graphene encapsulated palladium NPs (G@PdNPs) grown on the highly oriented pyrolytic graphite (HOPG) surface are considered. Palladium is a member of the platinum group metals (PGM) and is therefore an important material in heterogeneous catalysis. Even more, it is a very suitable material to study phenomena of subsurface carbon 21, 22, 23, 24, 25, 26, 27, 28, 29 thanks to its high carbon solubility 30 . Graphene was characterized only once on PdNPs by TEM and Raman spectroscopy 31 and on the (111) surface of single crystals made from palladium 32, 33, 34, 35, 36 . On the latter surfaces, the geometric properties of moiré patterns induced by graphene 32 and the electronic structure 32, 33 were subject of studies, as well as the mechanism involved in the graphene growth by carbon segregation 36 .
Although all the latter work gives great insight into graphene on crystalline Pd (111) surfaces, the PdNP-graphene system needs to be benchmarked by STM, in particular due to the high demand of catalysis 14, 15 37, 38 . However, the structure of such precursor structures has never been experimentally verified at the atomic scale.
The STM work here shows that during cracking ethylene at high temperatures a carbon precursor structure is formed on the NP's (111) facets prior to graphene formation. Once graphene replaces the latter structure, several moiré patterns with different sizes can be found as well as NP size and shape effects with respect to the moiré patterns and graphene quality. Overall, graphene on PdNPs is different in comparison to graphene on Pd(111) single crystal surfaces.
Experimental Methods
Three fresh surfaces are prepared by cleaving HOPG samples in air and cleaned afterwards by annealing at ∼ 650°C in a ultra-high vacuum (UHV) chamber during several hours. The PdNPs are then grown by evaporating neutral palladium atoms onto a HOPG sample, which is held at a constant temperature of 480°C to guarantee the growth of faceted PdNPs. By varying the deposition time (1 to 1.5 minutes), coverages with a nominal thickness between 1 and 1. 
Results
Carbon precursor structures. As it will be shown below, carbon structures are formed on the NPs top facets, and the same can be assumed to take place also on the NP's (111) and (100) side facets where such carbon structures are probably linked with the HOPG surface stabilizing the NPs.
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The large-scale image in Figure 1a shows the top (111) facet of a NP with the most important growth structures: a somewhat flat region (1), a thin film partially covering the facet (2a to 2c, 2e and 2f) and some small three-dimensional (3D) islands (3, line profile 1b). On the thin film, a faint hexagonal structure can be seen, which is better resolved in Figure 1c : three more or less regular hexagonal structures exist, which have a dimension of 2.3 ± 0.2 (2a), 2.1 ± 0.2 (2b) and 1.3 ± 0.2 nm (2d). On other NPs, an even smaller hexagonal structure with a size of 0.72 ± 0.03 nm could be found (see Figure S3 in the Supporting Information).
The origin of the hexagonal structures is due to moiré patterns induced by graphene nanosheets on the NP's top facet. This is backed by the height of the film, which can be seen in the profile in Figure 1d : from the lowest part of region 1 in Figure 1c a height of ∼ 2.4 Å is found, which is in good agreement with the height value found for graphene on Pd(111) (2.3 Å 32,39 ).
Because the entire facet is not covered by the film a snapshot of an early growth stage of graphene on PdNPs is presented by Figure 1a and c. The graphene film is composed of three ∼ 15 nm large islands, which differ by the orientation and size of the moiré patterns (e.g., compare 2a with 2b in Figure 1c ), whereas the moiré pattern of an individual island is more or less perfect. The islands show that graphene is formed on the top facets of the NPs, and at the same time graphene also grows at the edges of the (111) facets (e.g., at position 2e and 2f in Figure 1a ). However, the size of the latter islands is considerably smaller than the one of the islands on the facet, which obviously means that the growth is faster on the facet than at the edges.
Interestingly, in region 1 of Figure 1c an irregular structure can be found, which covers the entire flat region 1 in Figure 1a . Figure 1e shows the same irregular structure on another NP with a higher resolution: the irregular structure is composed by a dense arrangement of a few nanometer long and 3 to 4 Å thin filaments, which have a height of around 1 Å (see Figure S4 and S5 in the Supporting Information). Some filaments are curved whereas others are straight being roughly oriented along three surface directions forming angles of 60 and 120°(see green cross in Figure 1e ). Figure 1f shows the same NP facet and also 7 the filament structure partially with atomic resolution. It seems that a filament is formed by a chain of carbon atoms, which keep a mean distance of 2.5 ± 0.3 Å to each other. For an unambiguous identification of such a structure a comparison is needed between density functional theory (DFT) as accomplished in, e.g., Ref.
27 and experiments, which should be preferably conducted at liquid helium temperature to increase the lateral STM resolution.
The entire filament structure is in perfect agreement with the current picture of carbon on and inside palladium (111): during the ethylene exposure at 665°C ethylene completely decomposes to molecular hydrogen, which leaves the NPs, and to carbon that is left at the carbon content of ∼ 0.5 (maximum coverage of, e.g., the three-fold fcc hollow sites) 25 . At a content of ∼ 1 the most stable configurations involve carbon on the surface and in the subsurface 25, 26 . Interestingly, chains of carbon atoms are predicted, which may form a CPd-C bridging-metal structure at the beginning 27 and carbon oligomers including more than 3 carbon atoms 25, 27 . The mean C-C distance in an oligomer measures about ∼ 1.3 Å
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whereas the carbon atoms exhibit a rough vertical zigzag shape, with the central carbon atom on the top of a palladium atom and adjacent carbon atoms in hollow sites on Pd(111).
If it is assumed that the filaments in Figure 1f are indeed carbon chains it can be speculated that because of the vertical zigzag shape of the carbon atoms from above only each second carbon atom is imaged by STM, which explains the distance of 2.5 Å.
Overall, the filament structure shown in Figure 1 is a preliminary carbon precursor struc-ture before the formation of graphene starts, and it is composed of surface and possibly also subsurface carbon. As shown in the following, graphene replaces the filament structure and the 3D islands when more carbon reaches the NP's facets upon higher ethylene exposures.
Graphene moiré patterns. After a high dosage of ethylene ( 100 L) at ∼ 650°C, graphene is formed on the NP's facets. For NPs with a lateral size larger than Ø ≈ 30 nm, the first important characteristic of graphene is that in many cases only one moiré pattern exists, which covers the entire top (111) facet with almost no imperfections in the moiré lattice. The moiré pattern is as perfect as exemplified by NP I whereas on other NPs a few defects can be observed, which, however, do not strongly disturb the moiré pattern (see Figure S6 in the Supporting Information).
The second important characteristic is that the dimension of a single moiré pattern is always larger than ∼ 2 nm, e.g., the moiré pattern of NP I has a dimension of 2.6 ± 0.1 nm. Under the assumption that the epitaxy between graphene and the palladium (111) facet is com- assumed that the NP's edges run along equivalent <110> Pd surface directions on the palladium (111) facets as verified before 40 . With the experimental values ofλ M = 2.6 ± 0.1 nm
found, which is created by a rotation of α Pd-G = +1.1°and an expansion of ρ = 0.83% of the free-standing graphene lattice (see ball model in Figure 3e ). This moiré pattern is similar in size with others, e.g., a λ M = 2.47 nm large (9 × 9) − R0.0°unit cell can be frequently observed (see Figure S6 in the Supporting Information), where both angles, α Pd-M and α Pd-G , 43, 44, 45 , which results into a next-neighbor distance of two Pd atoms of d Pd-Pd = 2.750 Å. The abbreviation MB stands for moiré pattern whereas the number is the one of the moiré pattern on the respective NP. Figure 3k ) is yet another large pattern covering only a small fraction of the NP's facet at the edge whereas the √ 13 × √ 13 moiré pattern is the same as the one found on NP II. As it can be seen in the atomically resolved image in Figure 3d , 4 atomic sections span the unit cell of this moiré pattern, which corresponds to 4 sections formed by 5 graphene units (see dark blue sections in Figure 3h ). Quite similar, the length of the very small √ 3 × √ 3 unit cell in region 3 is formed by 2 atomic sections, which would correspond to 2 sections formed by 3 graphene units (see dark blue sections in Figure 3l ).
Discussion
Apart from interesting findings with respect to the atomic contrast (see Figures S7 and S8 in the Supporting Information), the most fascinating result of the entire work on G@PdNPs is that several moiré patterns exist on preferentially small NPs, which is also the case if the growth temperature is at 730°C, as verified by recent experiments (not shown). This automatically implies that graphene is not growing perfectly in one single, defect-free sheet on a (111) facet as in the case of large NPs. It is rather present in several nanosheets, which are rotated to each other producing different moiré patterns as observed by STM. With this, several defects along the borders of the graphene nanosheets exist, as it can be seen in Figure 2 and Figure 3b and d.
An astonishing result is the occurrence of 9 moiré patterns that can be observed on the NPs listed in Table 1 Another observation is that the values of the expansion/compression factor (see Table   1 ) are all mostly around or even below 1% (Table 1) , similar to values observed on many other metal surfaces 17 . A clear exception is the smallest of all patterns, namely the ( √ 3 × √ 3) − R30.0°moiré pattern with its 3.3% lattice contraction. Interestingly, it has the unit cell dimension of the most stable carbide phase on the (111) surface of Pd 6 C 28 , which allows speculating that the graphene layer is stabilized by Pd 6 C underneath.
The fundamental question is, why several moiré patterns appear on small NPs, which contrasts the single large moiré patterns that appear on many large NPs (Ø > 30 nm). The second question with respect to the small NPs is why very small and large moiré patterns appear on one and the same top (111) facet being densely packed on a small surface area.
This contrasts the situation on the Pd(111) single-crystal surface where graphene produces much more homogeneous moiré patterns, if not only one pattern, on terraces of similar size 32 .
As pointed out before, graphene starts to grow in particular on the (111) facets, creating islands of nanographene with a size of Ø ≈ 15 nm (Figure 1a) , which seems to be close to the critical island size where graphene sheets coalesce. For large NPs it can be assumed that the graphene formation is exactly the same for all nucleation sites on the top (111) Figure 2 : the NP exhibits perfectly straight edges along equivalent <110> Pd directions but also a perfect epitaxy with the HOPG substrate (see Figure 4) . As a consequence, the single moiré pattern with its (5 × 5) − R0.0°unit cell is uniform and defect-free. Figure 4 : The epitaxy of NP V from Figure 2 on the HOPG surface. Thanks to the small lateral size of 11.4 nm and the relatively small height of 4.7 nm, the atomic resolution could be obtained on the HOPG substrate surface while imaging the 1.37 nm large (5×5)−R0.0°moiré pattern. The NP's equivalent <110> Pd edges are oriented parallel to equivalent < 2110 > directions of the HOPG surface. Furthermore, they form perfect 60°angles so that the NP exhibits a highly symmetric shape. The NP is attached at a step, which probably runs along a < 1120 > direction. (U Bias = 0.015 V, I = 1.47 nA, v = 3.0 Hz).
Conclusion
STM measurements on HOPG supported PdNPs show that by thermal decomposition of ethylene at 650°C a precursor structure is formed first on the (111) facets prior to graphene formation. The precursor structure is composed of carbon, which forms nanometer long filaments on the entire facet. Once this structure is replaced by single-layer graphene upon dosing the NPs with a high ethylene dosage, up to 9 different graphene moiré patterns can be found on the NPs, from which only 2 coincide with 6 moiré patterns found on crystalline metal Pd(111) surfaces 33 . This already is a signature that graphene on PdNPs is different in comparison with its bulk counterpart, which might be the case also for other NPs like Ru, Rh, Co, Fe, Cu or PtNPs, and NPs composed of two different elements like bi-metallic NPs.
The work delivers the clear and important message that below a specific NP size (≈ 30 nm for PdNPs) graphene does not grow in a single perfect sheet but is present in the form of several nanosheets exhibiting relatively small and large moiré patterns densely packed on a small surface area, which contrasts the situation on the Pd(111) single-crystal surface where more homogeneous moiré patterns are found. Most importantly, several line defects can be observed in graphene on the NP's facets whereas defects probably also exist at the NP's edges. Only highly symmetric, well-faceted NPs lead to one perfect graphene layer on a facet. The various line defects created by several nanographene sheets can be active catalytic centers whereas for catalysis under cover 15 they are probably the principle gate for basic reactant and product molecules, which can access the nanocontainer formed by graphene and the NP's facets via the defects. Because of the general importance of those NPs, which are encapsulated by doped graphene 6, 7, 9 , the work motivates to study same NPs after a doping of graphene with, e.g., nitrogen, which can be principally accomplished by post-synthesis treatments like gentle N + 2 ion bombardment 49 , post-annealing in ammonia 50 or by using a nitrogen plasma 51 .
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